Tissue specificity, the traditional predictor of gene function, has recently been used to interpret the selective pressure associated with gene architecture. In this work, we examine gene structures and their relation to the number of tissues expressed and to the number of co-expressed genes, using a recent atlas of microarraybased mouse gene expression in 55 normal tissues. We define tissue specificity and expression-pattern specificity according to the number of tissues expressed and the number of co-expressed genes, respectively. We find that, consistent with previous findings, tissue non-specific (housekeeping) genes are short in all gene regions (coding regions, intron, 5 0 and 3 0 untranslated regions). However, in contrast to previous suggestion that tissue-specific genes are long, the genes that are the most tissue-specific (expressed only in one tissue) are also short. We further show that both expression-pattern-specific and non-specific genes are long in coding and non-coding regions. The origins for short tissue-specific genes and long expression-pattern-specific genes are not clear. Genes with highly non-specific expression patterns (i.e. genes with a large number of co-expressed genes) are composed of genes that spread all tissues but are overwhelmingly enriched in the central nervous system (e.g. brain). Thus, the large sizes of these genes are possibly related to the functional complexity and/or accelerated evolutions of the central nervous system.
INTRODUCTION
There is a great interest in interpreting the relationship between genome size and mammalian complexity through the view of functional genomics (1) . Partitioning genes into different expression categories on the basis of tissue-profiling data shows that housekeeping genes tend to have more compact gene structures than those of tissue-specific ones (2 -7). The observation leads to several hypotheses. The 'selection for economy' view interprets the compactness of housekeeping genes as a way to reduce the energetic cost during transcription and translation. The 'selection for genomic design' view, in contrast, suggests that the long tissue-specific genes result from increasing functional and regulatory complexities (1 -5) . The two views focused on different genes and thus may occur simultaneously. More recently, Farh et al. (8) proposed that short untranslated regions (UTRs) allow housekeeping genes to avoid detrimental microRNA pairing.
These interpretations are based on tissue specificity, which classifies genes according to the number of tissues where a gene is expressed. However, it was recently found that such tissue-specific restriction of expression pattern is a poor predictor of mammal gene function (9) . Instead, quantitative analysis of transcriptional co-expression is required for a more accurate assessment of mammalian gene function (i.e. co-expression leads to co-function/regulation) (9 -11) . This result spurs our interest in the re-examination of variation of gene sizes under the framework of transcriptional co-expression.
Co-expression networks derived from transcriptional correlation analysis have been demonstrated to follow a scale-free network topology, which is characterized by an inverse powerlaw relation between the population of nodes (genes) and their degrees (the number of co-expressed genes) (12 -14) . Protein interaction networks and transcriptional regulation networks in lower organisms (15 -20) are also found to be scale-free. In a scale-free network, there exist islands with few or no connected nodes and hubs that connect to many other nodes. A hub gene in a transcriptional regulation network is a gene that regulates many other genes, whereas a hub gene in a co-expression network is a gene with a non-specific expression pattern that correlates with the patterns of many other genes. There is no simple one-to-one correspondence between hub or island genes from different networks, although protein interaction network, transcriptional regulation network and gene co-expression network correlate with each other (21 -23) . Thus, we use the terms expression-pattern-non-specific (EPN) and expression-pattern-specific (EPS) genes to represent hub and island genes, respectively, in a co-expression network.
In this work, we analyze a recent landscape of mouse transcription profiles in 55 normal tissues (9) alongside their gene structures for 7394 RefSeq-defined genes. We hope to examine the size variation of genes according to both tissue specificity and expression-pattern specificity. The large data set from mouse tissue-level transcriptional profiling allows us to perform a detailed analysis.
RESULTS AND DISCUSSION
The 7394 mouse RefSeq genes have 650 genes expressed in only one tissue and 652 genes expressed in all 55 tissues. They can represent the most narrowly (i.e. tissue-specific) and ubiquitously expressed (i.e. housekeeping) genes, respectively. The remaining 6092 genes are considered as background genes for comparison. The average and median lengths of tissue-specific and housekeeping genes are shown in Table 1 and Figure 1 . The median length is more suitable than the average length to reflect the size distribution because the latter is often biased toward a few large-size genes. Overall trends, however, are essentially the same. We will discuss subsequently the results on the basis of median values, unless indicated otherwise. Table 1 and Figure 1 show that the ubiquitously expressed genes are significantly shorter than background genes in all regions of gene structures. This is consistent with the previous finding in human that housekeeping genes are compact (4). The size difference ranges from 37% (in median size of background genes) in intron sequences to 17% in 3 0 UTRs.
All differences are significant (Wilcoxon two-sample test, P , 10 210 -P , 10 23 ). The most narrowly expressed genes, however, are also significantly shorter in all regions than background genes. (The exception is that the average sizes of most tissue-specific genes in intron and 5 0 UTRs are slightly longer than that of background genes. This is largely due to a few long genes, as demonstrated by median values.) For example, the median length of 3 0 UTRs for the most narrowly expressed genes is 241 bp shorter (P , 10 214 ) and that of proteintranslated regions is 42 amino acids shorter (P , 10 25 ). Furthermore, the median value of tissue-specific genes in 3 0 UTRs (415 bp) is even 35% shorter than that of housekeeping genes (560 bp), with the P-value less than 10 23 . On the basis of established co-expression network (see Materials and Methods), one can classify genes according to expression-pattern specificity (i.e. the number of co-expressed genes). Of the 7394 genes, 695 genes have less than four co-expressed genes and 697 genes have 360 or more co-expressed genes. They are employed to represent EPS and EPN genes, respectively. The remaining 6002 genes are considered as background genes. The cutoff values are chosen so that the numbers of obtained EPS genes, EPN genes and background genes are similar to the corresponding numbers of housekeeping, tissue-specific and background genes, respectively.
The sizes of genes classified according to expression-pattern specificity are also shown in Table 1 and Figure 1 . EPN genes are longer in every aspect of gene structures than background genes on the basis of either average or median (P , 10 210 -P , 10 22 ). For example, the median size of EPN genes is longer than background genes, from 25 to 41% for non-coding regions and 8.5% for coding regions. The increase in length is even more significant if we use genes with the higher number of co-expressed genes to represent EPN genes (data not shown). Interestingly, EPS genes are also longer than background genes, although the difference is smaller than that between EPN genes and background genes. The increment is significant in non-coding regions (8 -24%) and weak in coding regions.
The results described are based on a simple three-class classification of genes. Figure 2 provides a more detailed Classified by the number of co-expressed genes. There are EPN genes (with 360 co-expressed genes), EPS genes (with 3 co-expressed genes) and the rest (background). The number in each cell is the average value +SEM of gene structure parameters.
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picture on how the sizes of genes vary as a function of the number of tissues expressed or as a function of the number of co-expressed genes. The curves for the size versus the number of tissues expressed can be approximately described as a bimodal distribution with three local minima at the number of tissues expressed around 1, 55 and an intermediate value, respectively. The curves for size versus the logarithm of the number of co-expressed genes have the global maximum at the highest number of co-expressed genes. As the number of co-expressed genes decreases, the size of genes experiences a sudden drop followed by a gradual increase. Thus, the overall trends for both tissue specificity and expression-pattern specificity agree with the results obtained from the simple three-class classification of genes. Figure 3 displays the median number of tissues expressed for genes in the number of co-expressed genes (sorted in 12 bins). Clearly, the genes with the most or the least number of co-expressed genes are more tissue-specific than the genes with an intermediate number of co-expressed genes.
The result that the most tissue-specific genes are short is contrary to the suggestion that tissue-specific genes are long.
The discrepancy is likely due to our focus on the most tissuespecific genes (genes only expressed in one tissue), whereas others employ a looser definition of tissue-specific genes. The latter may be long because there is a peak in gene sizes at an intermediate tissue specificity (e.g. 10 -20 tissues).
Are EPN and/or EPS genes dominated by genes in specific tissues or with specific functions? Figure 4 shows the fractions of EPN, EPS and background genes in different tissues. Both background genes and EPS genes spread evenly in all tissues. 
UTR and 3
0 UTR lengths. In each figure, TS, HK and Bg (the first three bars on the left) denote the 650 tissue-specific genes expressed in only one tissue, the 652 housekeeping genes expressed in all 55 tissues and the rest of 6092 background genes. EPN, EPS and B (the next three bars) denote the 697 EPN genes with 360 or more co-expressed genes, the 695 EPS genes with three or less co-expressed genes and the rest of 6002 background genes, respectively. These figures show that both the most tissue-specific genes and housekeeping genes are compact when compared with background genes. Meanwhile, both EPS and EPN genes are longer than background genes. EPN genes, however, are composed of genes that spread in all tissues but are overwhelmingly enriched in the central nervous system (e.g. brain). Thus, EPN genes might perform functional roles or be involved in the biological processes in the nervous system. This suggests that the large sizes of EPN genes may be related to the functional complexity and/or accelerated evolutions of mammal nervous systems (24, 25) . Clearly, more studies are needed to confirm this hypothesis. Work in this area is in progress.
To further address the relation between the size of genes, tissue specificity and expression-pattern specificity, we plot the length distribution of all 7394 mouse RefSeq genes as a function of both tissue specificity and expression-pattern specificity, with the sizes of gene structures color coded from red for long genes to blue for short ones (Fig. 5) . If tissue specificity were a determining factor for gene sizes (i.e. more tissue-specific genes are longer), one would expect a rainbow of blue close to the top and red around the bottom across different bins in the number of co-expressed genes. This pattern, however, is not observed. In fact, long genes (red or orange) more frequently appear on two sides (EPS and EPN genes), often regardless of tissue specificity. (It should be noted that because of the logarithmic scale, the first six bins for the number of co-expressed genes are made of 2043 genes with less than 17 co-expressed genes. That is, they all can be classified as EPS genes.) Short genes (blue) are frequently located at the bottom (the most tissue-specific genes) and in the middle (between bins 8 and 10 for the number of genes expressed). The overall trends observed in a single variable (either tissue specificity or expression-pattern specificity, as shown in Figure 2 ) are somewhat reproduced here. However, the local pattern is far more complex. For example, in the coding regions and 3 0 UTRs (Fig. 5 , top right and bottom right), it appears that long genes are located mostly in the diagonal region of the plane of the number of expressed tissues versus the logarithm of the number of co-expressed genes. Such a complex pattern suggests that gene sizes may not be simply related to either tissue specificity or expression-pattern specificity alone or both. Different gene regions may be subject to different types of selective pressure. It should be emphasized, however, that this result is subject to the limitation of the data set available. As shown in Supplementary Material, Figure S1 , the 7394 genes are distributed in 132 grids (Fig. 5) . In each grid, the number of genes ranges from 8 to 248 (129 of 132 grids have at least 10 genes). Thus, it is necessary to further investigate the relation between gene sizes, tissue specificity and expression-pattern specificity when more data are available.
In summary, we find that the size distribution of mammal genes is not uniform in either tissue specificity or expression-pattern specificity. The trend is reasonably clear if a single parameter is used. We find that in addition to housekeeping genes, the most tissue-specific genes are also short. Moreover, on average, genes with the most co-expressed genes and the least co-expressed genes are long. Thus, the use of tissue specificity allows us to locate compact genes, whereas expression-pattern specificity (or non-specificity) detects genes that are long. This suggests that it is necessary to combine tissue restriction and quantitative information of expression data (9) to understand the selective pressures in genome evolution.
METHODS
We use the compendium of mouse expression profiles for 21 622 presumed distinct and confidently detected mRNA probes across 55 normal tissues by custom-built DNA oligonucleotide microarrays (9) . These probes, characterized by expression intensity above 99% of negative-control spots to rule out experimental noise, provide rigorous information about expression pattern of associated genes. Using the mRNA probe location file provided by Zhang et al., we extract the gene structure from UCSC genome browser (http://genome.ucsc.edu/). Only confidently detected probes that represent characterized genes with annotation by RefSeq database (http://www.ncbi.nlm.nih.gov/RefSeq/) are used. In case that multiple probes match the same RefSeq gene, only one set is arbitrarily selected to represent its gene expression (7) . This leads to a total of 7394 mouse genes with curated RefSeq structure information.
The transcriptional co-expression network is derived from the pairwise correlations between genes' expression profiles (12) . In such a network, each vertex represents a distinct gene, and two vertices are linked by an edge if the absolute correlation between their expression profiles is higher than a certain cutoff. Following Zhou et al. (26, 27) , we employ a conservative cutoff of 0.6. The degree k of a vertex (i.e. gene) is the number of edges linked to its co-expressed genes. The resulted co-expression network has a scale-free behavior (Supplementary Material, Fig. S2 ) because the distribution of degrees, P(k), decays in a power-law [P(k)k 2g ] (15). A scale-free network indicates that there is a relatively large number of EPS genes with few co-expressed genes and a relatively small number of EPN genes, which are co-expressed with many other genes (12, 15) . 0 UTR, bottom left; and 3 0 UTR, bottom right) as a function of the number of tissues expressed and the logarithm of the number of co-expressed genes. The sizes of genes are color coded from red (long) to blue (short). Long genes (red or orange) more frequently appear at two sides (EPS and EPN genes), sometimes, regardless of tissue specificity. Short genes (blue) are frequently located at the bottom (tissue specific genes) and in the middle (between bin 8 and bin 10 for the number of genes expressed). Bins for the number of tissues expressed and for the number of co-expressed genes are defined in Figure 2 .
